Epithelial cells in the lining of the intestines play critical roles in maintaining homeostasis while challenged by dynamic and sudden changes in luminal contents. Given the high density of glycosylation that encompasses their extracellular surface, environmental changes may lead to extensive reorganization of membrane-associated glycans. However, neither the molecular details nor the consequences of conditional glycan changes are well understood. Here we assessed the sensitivity of Caco-2 and HT-29 membrane N-glycosylation to variations in (i) dietary elements, (ii) microbial fermentation products and (iii) cell culture parameters relevant to intestinal epithelial cell growth and survival. Based on global LC-MS glycomic and statistical analyses, the resulting glycan expression changes were systematic, dependent upon the conditions of each controlled environment. Exposure to short chain fatty acids produced significant increases in fucosylation while further acidification promoted hypersialylation. Notably, among all conditions, increases of high mannose type glycans were identified as a major response when extracellular fructose, galactose and glutamine were independently elevated. To examine the functional consequences of this discrete shift in the displayed glycome, we applied a chemical inhibitor of the glycan processing mannosidase, globally intensifying high mannose expression. The data reveal that upregulation of high mannose glycosylation has detrimental effects on basic intestinal epithelium functions by altering permeability, host-microbe associations and membrane protein activities.
Introduction
The large surface area of the gastrointestinal tract provides abundant opportunities for direct contact with substances in the environment. Along its inner wall, at the interface of the intestinal lumen and mucosa, a single layer of epithelial cells mediate the passage of a wide composite of extracellular material, including nutrients from foods, products of microbial fermentation, as well as toxins. Proper growth and vitality of the epithelial monolayer is therefore critical for maintaining a healthy gut. A major proportion of their extracellular membrane proteins are uniquely and densely glycosylated with additions of saccharide chains. The presented array of glycans is vastly heterogeneous, wherein the degree of branching and composition are governed by the cooperative and nontemplated actions of glycosidases and glycosyltransferases (Aebi et al. 2010) . Interruptions of the biosynthetic pathway at the gene or protein levels can potentially alter a multitude of structures that are expressed on the cell surface, which can in turn have long-standing consequences.
Among its explored roles, glycosylation in the gastrointestinal tract fosters host-microbe relationships, providing a source of energy in favor of the colonization of the natural gut flora or pathogens whose glycosyl hydrolases and receptors confer a survival advantage (Moran et al. 2011; Marcobal et al. 2013; Tailford et al. 2015) . At a more fundamental level, considerable evidence suggests that the type of glycans presented on proteins participate in regulating key biological processes such as protein folding, stability and localization as well as in determining biological activity (Cumming 1991; Rasmussen 1992; O'Connor and Imperiali 1996; Helenius and Aebi 2001; Moremen et al. 2012; Stowell et al. 2015) . Given that a synergistic relationship between glycans and the underlying proteins exists, alterations that occur in intestinal cell surface glycosylation may not only curb or intensify extracellular interactions but also affect the cell's physiology. However, the contributors of intestinal glycosylation changes or the prolonged effects of differential expression are poorly understood. To assess glycan-environment relationships, we selected well established and widely studied human cell lines, Caco-2 and HT-29, which exhibit classical characteristics that model small intestinal absorptive epithelial cells upon reaching confluence (Pinto et al. 1983; Rousset 1986; Hilgers et al. 1990 ). Controlled changes in media composition, pH and maintenance were made to understand which environmental stimuli significantly alter the intestinal glycosylation machinery. Assessment of these molecular changes is often undetectable under the microscope and requires sensitive analytical tools, which are continuing to be developed for large-scale system-wide studies.
Here we investigated the N-glycomic changes that occur on cell surfaces after supplementation with dietary and microbial compounds that are important for intestinal epithelial cell survival and proliferation. Given the nature of culturing cells, we additionally considered the effects of the variable factors in maintenance practices. The results were subsequently used to evaluate the functional consequences of glycan modifications. In concert, our analyses reveal associations between extracellular conditions and membrane glycosylation and delineate the role of N-glycan structures in ensuring normal cell functions. This type of screening may help establish regulations that minimize changes to the cellular glycome. In addition, understanding the factors that affect glycosylation complement glycan engineering methods that are currently emerging to tune the cell to produce specified glycan patterns (Elliott et al. 2003; Wurm 2004; Du et al. 2009; Hudak et al. 2011; Sackstein 2012) .
Results

Metabolism of dietary components routes glycan expression
We examined whether supplementation of free monosaccharides derived from diet changes N-glycosylation outcomes on the intestinal cell surface at concentrations relevant to physiological conditions. Changes in glycosylation were assessed by globally releasing glycans from membrane proteins extracted from fully differentiated (Caco-2) and partially differentiated (HT-29) intestinal epithelial cells and analyzing the mixture by porous graphitized carbon (PGC)-LC-MS. This approach allowed us to derive comprehensive maps encompassing over 300 unique structures and monitor their expression levels individually. The glycan profile under normal growth conditions was used as a frame of reference with which to compare the glycome at varied environments.
Abundant in nearly all carbohydrate-containing foods, glucose (Glc) is a soluble hexose sugar that can be efficiently metabolized by cells (Figure 1 ) and utilized as a primary energy source. Delivery of glucose to the proximal gut is highly regulated in healthy individuals, keeping intraluminal glucose levels fairly constant regardless of dietary load, ranging from 0.2 to 50 mM in the mammalian small intestine (Ferraris et al. 1990 ). After high glucose supplementation (25 mM), we observed minimal changes in the groups of glycans presented on Caco-2 across all replicate samples (Table I) . Within groups, individual glycan compositions showed no more than 1.7-fold changes (Figure 2A ). On HT-29 cells, the abundances of nondecorated complex/hybrid glycans decreased by 20% (P < 0.05) following treatment (Table I) . However, they constitute a minor component of the cell surface and sum to <4% of the total N-glycans. Overall, a high glucose environment did not have a substantial impact on cell surface N-glycosylation, indicating that absorbed glucose is ubiquitously interconverted into other activated monosaccharide forms without favoring specific biosynthetic routes (Figure 1 ). Similar to glucose, mannose (Man) is found in all glycoprotein-containing food products and is equally an important precursor for N-glycan synthesis. Predictably, no major changes were observed in Caco-2 cell surface glycans upon treatment with mannose, consistent with the effects observed by glucose treatment (Table I ). The lack of discrete changes provides support that exogenous mannose likewise is readily utilized by multiple metabolic routes. In fact, its activated phosphorylated form (Man-6-P) can be converted into all of the monosaccharide constituents transferred onto the nascent N-glycan chain (Figure 1 ). In comparison, HT-29 cells grown in the presence of free mannose showed significant changes (P < 0.05) collectively in high mannose type glycans (Table I) . When glycan species were evaluated individually, slight increases in Man 3, Man 7 and Man 9 were observed ( Figure 2A ). This data demonstrates that mannose utilization is better with exogenous mannose than via glucose interconversion, supporting earlier beliefs (Ichikawa et al. 2014) .
Although elementally similar to glucose, galactose (Gal), a common component of dairy and plant-based carbohydrates, is not readily metabolized and must first be converted. Unlike the effects observed by glucose treatment, significant increases (P < 0.05) were observed for all high mannose (Man 3-Man 9) ( Figure 2A ) and nondecorated complex/hybrid types of N-glycans (e.g. Hex 5 HexNAc 4 and Hex 5 HexNAc 5 ) in galactose-treated Caco-2 cells (Figure 2A) . Correspondingly, the relative abundances of fucosylated and sialylated glycans decreased after treatment by 12-28% (P < 0.05) ( Table I) . This effect is shown more clearly by the change in abundances of individual glycans. In untreated controls, afucosylated and asialylated glycans constituted 15 and 23%, respectively, of all complex/hybrid glycans ( Figure 2B and C). In contrast, the same group made up 46 and 58%, respectively, of all complex/hybrid glycans in galactose-treated cells. To validate the utility of using glycan profiles in describing discrete biological effects, we assessed the reproducibility of each treatment. Glycan profiles of biological replicates after galactose treatment demonstrated high sample and instrument stability ( Figure S1 ).
A derivative of glucose, N-acetylglucosamine (GlcNAc) is also found in all glycoprotein food products and involved in the biosynthesis of both CMP-N-acetylneuraminic acid (Neu5Ac; NeuAc) and GDP-fucose (Fuc) through divergent pathways (Keppler et al. 1999; Snider 2002) . When supplemented with 25 mM GlcNAc, fucosylated glycans collectively increased by 61.2% (P < 0.05) while sialylated glycans decreased by 53.9% (P < 0.05) (Table I) (Figure 2A-C) . These results show that formation of GDP-Fuc is likely favored over CMP-Neu5Ac when excess extracellular GlcNAc is supplied to cells (Figure 1 ). Closely integrated into GlcNAc metabolism, the monosaccharide N-acetylgalactosamine (GalNAc) may also partake in glycoprotein synthesis through the conversion of UDP-GalNAc to UDP-GlcNAc. In support of this route, the glycan changes observed after GalNAc addition resembled those observed on GlcNAc-treated cells, where the abundances of fucosecontaining structures increased (120%, P < 0.05) and the abundances of sialic acid-containing structures decreased (31.8%, P < 0.05) ( Table I) . Compared with GlcNAc, changes resulting from GalNAc supplementation were more intense for purely fucosylated species. This effect is predominantly attributable to the heightened expression of two core-fucosylated, agalactosylated compounds, Hex 3 HexNAc 4 Fuc 1 and Hex 3 HexNAc 5 Fuc 1 , which increased 13-and 7-fold, respectively ( Figure 2A ). Contrary to GlcNAc treatment, addition of GalNAc resulted in a marked increase in nondecorated complex/hybrid structures (234%, P < 0.05), particularly of a biantennary compound, Hex 5 HexNAc 4 (Table I) .
We next investigated how L-fucose, the only levorotatory monosaccharide utilized by mammalian systems, is incorporated onto glycoproteins from extracellular sources. When Caco-2 cells were supplemented with high concentrations (25 mM) of fucose, neither the total levels nor the degree of fucosylation deviated significantly from what was observed in the control (Table I and Figure 2B ). Based on compoundby-compound analysis, we found a select group of fucosylated structures that increased, including Hex 4 HexNAc 5 Fuc 1 , Hex 5 HexNAc 5 Fuc 2 and Hex 3 HexNAc 6 Fuc 1 (Figure 2A ). We observed a parallel decrease in select fucosylated structures that were also sialylated (e.g. Hex 6 HexNAc 4 Fuc 1 NeuAc 1 and Hex 6 HexNAc 7 Fuc 1 NeuAc 1 ). In complement, an overall decrease in sialylated glycans accompanied treatment (Table I ). The earlier observations that mannose, GlcNAc and GalNAc addition affects the production of fucosylated glycoproteins indicates that cytosolic activation to GDP-Fuc does in fact occur in Caco-2 and HT-29 cells. Together, these results support the metabolic pathway wherein fucose is not rapidly converted into other activated monosaccharide forms (Figure 1 ).
Among the most structurally unique and widely studied monosaccharides, sialic acids (Neu5Ac; NeuAc; Sia) are metabolically produced by condensation of phosphorylated N-acetylmannosamine (ManNAc-6-P) (Figure 1 ). Although free sialic acids are present in nature, diffusion across the membrane is limited due to their anionic charge and most exist as oligo-O-acetylated forms. Therefore, in this study, we utilized per-O-acetylated sialic acid (2,4,7,8,9-penta-O- acetyl N-acetylneuraminic acid (Ac5-Sia)) in concentrations of up to 10 mM. After 72 h, the abundances of sialylated compounds remained relatively unchanged compared to untreated controls. On the contrary, significant increases (P < 0.05) were observed for monofucosylated glycans ( Figure 2B ), primarily for agalactosylated compounds, Hex 3 HexNAc 3 Fuc 1 and Hex 3 HexNAc 6 Fuc 1 (Figure 2A ).
Besides the common monosaccharide building blocks found in glycosylated products, we assessed the effects of fructose, a major ingredient in foods that have high sugar content. Fructose availability in the gut is greatly affected by diet. Luminal fructose concentration in rats fed with high fructose diet was reported to be 26 mM or higher (Kirchner et al. 2008 ). Strikingly, Caco-2 growth in high fructose (50 mM) environments resulted in significant increases (P < 0.05) in the concentrations of high mannose and nondecorated complex/hybrid type N-glycans, producing abundance changes of 511 and 672%, respectively ( Table I ). The same upregulation was observed for monofucosylated, asialylated glycans that contain less than five GlcNAc residues (Figure 2A ). These include Hex 3 HexNAc 4 Fuc 1 , Hex 4 HexNAc 5 Fuc 1 , Hex 6 HexNAc 4 Fuc 1 and Hex 5 HexNAc 5 Fuc 1 , which each increased more than 4-fold. When taken up by cells, fructose is converted to fructose-6-phosphate, which can then be incorporated onto cell surface glycoproteins by conversion to a variety of monosaccharide donors such as UDP-Glc, UDP-GlcNAc and GDP-Man (Snider 2002) (Figure 1 ). In Caco-2, fructose supplementation favored mannosylation. While exogenous fructose directly participates in de novo glycan biosynthesis, utilization varies by cell type. In contrast to Caco-2, the majority of high mannose and fucosylated glycans in HT-29 cells remained unaltered ( Figure 2A ).
Given that monosaccharides from exogenous sources directly participate in the glycosylation pathway, we next determined whether their naturally glycosylated forms have similar metabolic fates upon uptake. Lactose, the major component of milk, is a disaccharide sugar composed of glucose and galactose linked by a beta glycoside bond, which upon consumption can be cleaved by intestinal epithelial cells into the respective monosaccharide parts (Figure 1 ). When we supplemented Caco-2 with lactose (70 mg/mL), most types of complex/hybrid N-glycans changed following the same trends as under high galactose conditions (Table I) . For example, fucosylated compounds significantly decreased by 20% (P < 0.05) in both cases. However, unlike galactose treatment, addition of lactose did not cause dramatic changes in high mannose glycosylation. At the individual, single compound level, meaningful changes in abundances were solely observed in complex or hybrid type glycans that possessed at least one galactose residue ( Figure 2A ).
Microbial byproducts create glycan-altering environments
During fermentation of dietary fibers, gut microbes produce short chain fatty acids (SCFAs), which are readily absorbed by colonocytes. SCFA concentrations vary longitudinally along the intestines, ranging from 20 to 40 mM in the terminal ileum, 70 to 140 mM in the proximal colon and 20 to 70 mM in the distal colon (Cummings et al. 1987; Nastasi et al. 2015) . To examine the effects of microbial byproducts on intestinal epithelial glycosylation, we supplemented cells separately with acetate (C2), lactate (C3) and butyrate (C4) to a final concentration of 10 mM. In total, a significant increase in fucosylated glycans (P < 0.05) accompanied treatment of Caco-2 cells Table I . Percent changes in abundances of cell surface glycans on Caco-2 and HT-29 after addition of supplements. Columns are grouped according to glycan type. Significant changes (control to treated) are indicated by colored arrows Red and blue arrows indicate statistically significant (two-tailed, unpaired Student's t-test, P < 0.05) increases and decreases in relative abundances compared to untreated controls, respectively. This table is available in black and white in print and in color at Glycobiology online.
with each SCFA (Table I ). In examining individual glycan compositions, we observed that the consequences of acetate and lactate treatments on Caco-2 were comparable, particularly for branched sialylated structures. Among these, distinguishable glycans include Hex 6 HexNAc 6 NeuAc 1 , which increased with treatment (8.1-fold with acetate; 10-fold with lactate), as well as Hex 6 HexNAc 6 Fuc 1 NeuAc 3 and Hex 7 HexNAc 7 Fuc 1 NeuAc 1 , which decreased with treatment (4.7-and 2.7-fold, respectively, with acetate; 3.7-and 3.4-fold, respectively, with lactate) (Figure 2A ). The changes in sialylated structures produced by butyrate, on the other hand, opposed those produced by acetate and lactate. This contrast is illustrated, for example, in the expression of glycans Hex 6 HexNAc 6 NeuAc 1 , Hex 6 HexNAc 5 NeuAc 2 and Hex 6 HexNAc 5 Hex 1 NeuAc 3 .
Acetate treatment resulted in similar shifts in the HT-29 glycome. However, lactate had minimal effects (Table I) . Of the SCFAs, the influence of butyrate was strikingly more dramatic on HT-29 cells than on Caco-2. Upon treatment, fucosylation increased by 262% (P < 0.05) ( Table I) . Monofucosylated glycans were among the structures that showed the greatest change ( Figure 2B ). Specifically, Hex 3 HexNAc 4 Fuc 1 , Hex 6 HexNAc 7 Fuc 1 and Hex 7 HexNAc 7 Fuc 1 each increased more than 13-fold ( Figure 2A ). In parallel, di-and trisialylated glycans (e.g. Hex 6 HexNAc 5 NeuAc 3 , Hex 7 HexNAc 6 NeuAc 2 and A threshold of relative abundances >0.5% and fold changes >2 was used. Data are represented as the log value of the fold change. Glycan mass increases from left to right within each group. Naming is as follows: Hex_HexNAc_Fuc_NeuAc. (B and C) Relative distribution of fucosylation and sialylation in Caco-2 and HT-29 cells after treatment. Each feature is separated according to number of residues. This figure is available in black and white in print and in color at Glycobiology online.
Hex 6 HexNAc 5 Fuc 1 NeuAc 3 ) decreased considerably in abundances in the presence of butyrate (Figure 2A and C).
Noncarbohydrate health supplements integrate into glycan biosynthesis
Intestinal epithelial cells can obtain energy from other noncarbohydrate sources. The amino acid L-glutamine is the major bioenergetic substrate necessary for cell proliferation and survival. Additionally, oral and enteral administration of glutamine-rich formulations has been shown to attenuate gut dysfunction and reduce septic morbidity van der Hulst et al. 1993) . Glutamine is obligate for cell growth in vitro, usually in concentrations of 2-6 mM. When cells were supplemented with high glutamine (10 mM), significant increases (P < 0.05) in high mannose, fucosylated and nondecorated complex/hybrid types of glycans were detected in both Caco-2 and HT-29 cells (Table I ). Representative chromatograms of identified glycans from Caco-2 cells cultured in normal and high glutamine environments are shown in Figure 3A and B, respectively. According to relative abundances, high mannose type glycans collectively increased by 507% after treatment. Individually, Man 5-Man 9 each increased more than 6-fold ( Figure 2A ). In addition, we observed elevation of core-fucosylated gly- Figure 3A and B). According to absolute abundances, the summed abundances of all sialylated glycans in glutamine-treated cells and untreated controls were equal ( Figure S2 ).
In most cells, an immediate product of glutamine metabolism is glutamate. Uptake of glutamate accordingly correlates with decreased paracellular hyperpermeability and supports the protective effects of glutamine but also serves as an oxidative substrate within enterocytes (Blachier et al. 2009; Vermeulen et al. 2011) . Jejunal luminal content of glutamate was found to change with diet, elevating to as high as 2.6 mM in healthy human volunteers after a protein-rich meal (Adibi and Mercer 1973) . Interestingly, additions of glutamate (2 mM) caused changes in cell surface glycan expression that were unique to HT-29 but in a manner opposite to the effects of glutamine. In particular, a decline in fucosylation was measured with respect to the control (44.4%, P < 0.05), mostly affecting monofucosylated structures (Table I) . High mannose glycan expression was unperturbed. Cell surface glycans presented on Caco-2 were relatively unaffected by glutamate treatment.
Another vital contributor to normal gut barrier function is glutathione, a water soluble, thiol-containing tripeptide (Glu-Cys-Gly) with antioxidant activity. It is present in intestinal luminal contents at base levels of 0.5 mM, originating chiefly from biliary secretions, but can increase with dietary inclusion, typically at concentrations of 2 mM (Jones et al. 1992 ). When we examined the impact of the addition of glutathione (2 mM), the expression levels of the major groups of glycans were essentially unaltered (Table I) (Figure 2A ). Such glycosylation changes closely resembled those produced by glutamate. On HT-29, high mannose type glycans increased by 37.1% (P < 0.05), an effect Extracellular acidification remodels the glycome Oscillations in pH can occur when transport or metabolism is challenged. To evaluate the effects of abnormal pH on cell surface glycosylation, we acidified the growing media to a final pH of 4.5-4.6 using acetic acid (pKa 4.75) and sialic acid (pKa 2.6). The profiles of membrane glycans illustrate the striking redistribution toward purely sialylated compounds in cells grown at low pH compared to cells grown at neutral pH ( Figure 3A and C) . Interestingly, only a particular subset of sialylated structures was altered. Glycans that showed greater than 3-fold expression changes after addition of acetic acid and sialic acid include mono-or nonfucosylated sialylated structures ranging from one to three sialic acid residues ( Figure 4B) . While abundant at acidic pH, these same structures were absent or otherwise expressed in minute levels in cells grown in neutral pH. This effect was observed regardless of the acid used to acidify the media. We have previously demonstrated high reproducibility of our method in the detection of sialylated glycans without the need for derivatization (Hua et al. 2011; Ruhaak et al. 2013 ). Verification of glycan identifications was performed using MS/MS. The annotated spectra of multiply sialylated glycans are shown in Figure S3 .
Cell glycosylation is sensitive to growth conditions
To further understand the causal factors of glycan changes, we evaluated the effects that the growing conditions have on cell surface Nglycosylation. Different environments are created by changes to the components of the growth medium. Caco-2 cell growth is supported in formulations such as Eagle's Minimum Essential Media (EMEM) and Dulbecco's Modified Eagle's Medium (DMEM). However, DMEM contains two to four times the concentration of amino acids (including glutamine), vitamins, ferric nitrate and sodium pyruvate as EMEM, as well as higher amounts of glucose. To evaluate the influence of the basal media on cell surface glycosylation, we cultured Caco-2 cells separately in either EMEM or DMEM for the first 10 passages and analyzed the N-glycans at passage 11 in triplicates. Generally, DMEM-cultured cells showed significant increases (P < 0.05) in fucosylated and nondecorated complex/hybrid type glycans, similar to cells supplemented with 10 mM glutamine ( Figure S4 ). In particular, truncated fucosylated structures (e.g. Hex 3 HexNAc 4 Fuc 1 ) showed the most prominent increase. Contrastingly, high mannose type glycans did not increase as they did under high glutamine conditions. Differences in concentration and composition of the growth media alone led to distinct changes in glycan expression, supporting the observation that membrane glycosylation is impacted by the cell's environment.
Depletions of growth supplies during cell culture have implications on the glycosylation machinery. To account for this factor, Caco-2 cells were grown for at least twelve consecutive passages separately either with media renewal twice or three times a week. In general, glycan samples prepared from Caco-2 cells where media was changed two times a week showed wider variability between biological replicates than cells where media was changed three times a week ( Figure 4A ). Despite the variations, we consistently observed that the level of high mannose type glycans increased up to 6.5-fold with less frequent media changes ( Figure 4A An inherent variability between experiments is passage number, or the number of times cell populations have been subcultured. The use of high passage cells has been reported to obstruct cell proliferation, protein expression and transcriptional activity (Chantret et al. 1994; Briske-Anderson et al. 1997) . We have previously shown at passages P10-P47, the glycosylation profile of Caco-2 remains essentially unaltered (Park et al. 2015) . To evaluate the consequences of passage number on cell surface glycosylation, cells subcultured at earlier passages were compared to cells subcultured at later passages (P > 80). On average, of the 90 unique compositions identified, low passage and high passage cells shared 59 (65%) of the same glycan compositions ( Figure 4C ). Significant decreases of the most abundant complex and hybrid structures were apparent from low to higher passages, including 3 . Chromatogram of identified cell surface glycans released from Caco-2. Profiles are shown for (A) Caco-2 untreated, (B) Caco-2 after addition of glutamine and (C) Caco-2 grown under low pH with addition of acetic acid. Monosaccharide symbols follow the Symbol Nomenclature for Glycans (SNFG) system details at NCBI (Varki et al. 2015 ). This figure is available in black and white in print and in color at Glycobiology online.
High mannose overexpression shapes intestinal cell membrane protein functions
Having established that exogenous factors can significantly alter cell surface N-glycosylation, we then interrogated whether glycan changes affect cell physiology. Due to the recurrent observations of marked changes in high mannose glycans, we examined the functional consequences of selectively increasing their expression levels. For such structure-function correlative studies, exclusivity and biocompatibility are needed. Application of an α-mannosidase I inhibitor, kifunensine, achieved nearly complete conversion into high Bar graph represents abundances of glycans from low passage samples that decreased compared to glycans from high passage cells. Monosaccharide symbols follow the SNFG (Symbol Nomenclature for Glycans) system details at NCBI (Varki et al. 2015 ). This figure is available in black and white in print and in color at Glycobiology online. mannose glycans in Caco-2 without affecting viability ( Figure S5 ). Using this approach, we subsequently analyzed cell responses in untreated and hypermannosylated cells.
Epithelial monolayer integrity is ensured by transmembrane tight junction proteins near the apical surface, where differential glycosylation may have functional influence. Paracellular permeability changes in untreated and kifunensine-treated cells were assessed in vitro by measuring the apical to basal passage of FITC conjugated dextran (FITC-D4). Cells with altered high mannose glycosylation exhibited significantly higher permeability than unaltered cells ( Figure 5A ). A dosedependent effect was observed with kifunensine, which governed the extent of conversion of all surface glycans into high mannose glycans. Of note, increases in permeability were observed even without complete conversion, at 1 μg/mL treatment. After 2 h, passage of FITC-D4 from the upper to the lower chamber showed a maximum increase of 64% with 100 μg/mL treatment (untreated to treated; P = 5.30 × 10 −5 ; n = 4). To ensure the integrity of the monolayer, we measured the transepithelial electrical resistance (TEER) before and after shaking, which showed that the transwell movement of FITC-D4 was not due to breaching of the monolayer during treatment ( Figure S6 ).
Using comparative proteomic analysis, we and others have determined that key hydrolases associated with brush border formation, including intestinal alkaline phosphatase (IAP) and dipeptidyl peptidase IV (DPP IV), are expressed on differentiated Caco-2 cells (Stierum et al. 2003; Park et al. 2015) . In this study, remodeled cells were used to examine the correlation between the proteins' glycosylation patterns and their activities. The activity of IAP measured in the enriched membrane fractions of high mannose rich cells showed a significant decrease in activity (~32%) when compared with unaltered Caco-2 cells ( Figure 5B, top panel) . In contrast, DPP IV activity was nearly unaffected by kifunensine treatment ( Figure 5B , bottom panel). Furthermore, neither IAP nor DPP IV activity was measured in the cytoplasmic fractions.
Intestinal cell glycosylation modulates the intensity of bacterial infections
The intestinal glycocalyx mediates the first events of contact between the cell and the external environment, particularly against pathogens. We previously showed that high mannose overexpression on the host is associated with increased Salmonella typhimurium invasion (Park et al. 2016) . To further assess the ability of different bacteria to adhere and penetrate host cells with atypical high mannose glycosylation, we infected unaltered and altered host cells with model gram negative (enterohaemorrhagic Escherichia coli (EHEC)) and gram positive (methicillin-resistant Staphylococcus aureus (MRSA)) bacterial strains that express a succession of surface proteins and secrete toxins during early encounter. Within 2 h, whereas hypermannosylation of Caco-2 did not significantly affect EHEC binding, the ability of MRSA to adhere to the monolayer increased substantially (>5000%, P = 0.02) ( Figure 5C ). This data suggests that initial attachment of bacteria is orchestrated by the "at present" extracellular N-glycosylation patterns of the host, which we showed can be shaped by dietary and environmental stimuli.
Adhesion and delivery of toxins is followed by bacterial entry into host cells. Both strains were moderately invasive. In comparison to control cells, EHEC uptake was significantly reduced (P = 0.0005) in cells that were rich in high mannose glycans as to render the interaction noninvasive. In contrast, approximately 30% more MRSA bacteria were able to invade transformed host cells than untreated cells (P = 0.03).
Discussion
We showed by exogenous supplementation that the amounts and types of resources made available to cells influence their displayed glycan compositions and abundances ( Figure S7 ). Mono-and disaccharides are common additions to foods and the smallest carbohydrate units of digested material. Although the molecular structures of monosaccharides are similar, we found that the abundance of one over another can guide the synthesis of the final glycosylated products. For example, glucose alone yielded subtle changes on cell surface glycans compared to its epimer, galactose, which induced prominent increases in high mannose type glycans. Survey of the Leloir pathway in the context of galactosemia, a genetic metabolic disorder, has provided detailed insight into galactose metabolism. Gleaning from these studies, surplus galactose may have adverse effects through accumulation of metabolic intermediates or formation of alternate products such as galactitol or galactonate (Lai et al. 2009 ). Indeed, due to the closely integrated metabolic routes of monosaccharides, glycosylation changes are likely caused by dysregulation of more than a single pathway. However, by considering each monosaccharide individually, we observed selective responses, which inform our understanding of the precise junctures in the biosynthetic pathway that are regulated by imbalances in dietary intake. Intriguingly, while with most monosaccharide additions, we saw an effect on multiple pathways, when we introduced L-fucose, it was not converted into other monosaccharide forms before incorporating onto membrane glycoconjugates. Rather, exogenous fucose primarily affected the expression of select glycan structures that were purely fucosylated. The limited utilization of free fucose by the epithelium may in fact accentuate the beneficial effects of fucose liberation by the gut microbiota (Pickard et al. 2014) .
Although biosynthesis of N-glycans is regulated by the bioavailability of macronutrients, cells uptake certain metabolites more readily than others. The increased availability of free per-Oacetylated sialic acids did not promote increased expression of sialylated products. Earlier reports on hematopoietic cell sialylation showed that incorporation of sialic acid into glycoproteins occurs from exogenous sources through a putative transporter (Oetke et al. 2001) . Our results show that the efficiency of uptake may be altered by the presence of acetylation, undoubtedly an important postglycosylation modification of free sialic acids found in nature (Klein and Roussel 1998) . We also note that sialic acids mostly exist as glycosidically linked forms, which may not reflect the fate of free sialic acids, as supported by the analogous but nonidentical effects of lactose and galactose treatments. Similarly, we observed low efficiency of glutamate and glutathione metabolism in differentiated Caco-2 cells. Utilization of these compounds likewise may be regulated by the activities of highly specific transporters. Glutamate is negatively charged and requires amino acid transporters that have been reported to be present at low density in the plasma membrane (Newsholme et al. 2003) . Glutathione is absorbed intact through a specialized transport system separate from the intestinal peptide transport system.
Excess fructose consumption has been linked with chronic diseases and contributes to inflammation (Rayssiguier et al. 2006; Brymora et al. 2012) . Our results suggest that the detrimental effects of fructose on the intestinal epithelial monolayer may be intensified by increased high mannose production. High mannose type glycans, assembled during the earlier steps of glycosylation, are minimally processed. Therefore, higher production may be dictated by factors related to postglycosylation trafficking, including impaired ability of proteins to recycle through the trans-Golgi network (Parry et al. 2006) . It is notable that both cell lines exhibited similar responses in the supplementation studies. However, cases where their responses were dissimilar indicate that utilization and metabolism of dietary substances are cell-dependent. HT-29, as a partially differentiated type, generally showed less intense changes in its glycome than Caco-2. Currently, studies are ongoing to track the incorporation of monosaccharides from external sources into cell-and tissue-specific biomolecules for examining nutrient distribution.
Like glucose, glutamine contributes heavily to multiple fundamental metabolic mechanisms in proliferating cells as a source of ϒ-nitrogen (as in hexosamine synthesis (Orlando et al. 2009 )), α-nitrogen and carbon backbone (DeBerardinis and Cheng 2010). Accordingly, we examined the metabolic fate of glutamine in support of complex type N-glycan production bearing aminosugars GlcNAc and NeuAc. On the contrary, at high concentrations of supplementary glutamine, we primarily observed several fold increases in the levels of high mannose glycans. Gut mucosal barrier is dependent on steady levels of glutamine (Souba et al. 1990; van der Hulst et al. 1993; De-Souza and Greene 2005) . Absorption of glutamine in excess may provoke cells to be in a more basic environment due to the generation of ammonia during the degradation of glutamine, leading to more high mannose glycans on the surface.
An increasing number of studies describe the beneficial roles of SCFAs in barrier function, energy metabolism and immune modulation (Wong et al. 2006; den Besten et al. 2013; Correa-Oliveira et al. 2016 ). In the presence of low millimolar concentrations of SCFAs, Caco-2 and HT-29 cells responded similarly in favor of fucose-containing glycans. The induced increase of intestinal epithelial cell fucosylation points to the potential role of SCFAs in maintaining host-commensal symbiosis and supporting host defense against pathogens (Goto et al. 2014; Pickard et al. 2014) . Additionally, we observed that varying lengths of SCFAs have different intensity of effects on cellular glycosylation, which has implications where microbial communities and SCFA distribution differ along the length of the intestines.
Intraluminal pH is adjusted by many factors such as diet, microbial byproducts and disease (Ovesen et al. 1986; Pye et al. 1990; Fallingborg 1999) . Often, these factors are associated with lowering the pH. In this study, we showed that sialylated glycans dominate the surface of intestinal epithelial cells at acidic pH, which is supported by the likely enhancement of sialyltransferase activity over other glycosyltransferases (Gawlitzek et al. 2000; Ha and Lee 2014) . Acidic extracellular environments have been reported to induce physiological changes such as integrin activation and metastasis (Rofstad et al. 2006; Paradise et al. 2011; Kato et al. 2013 ). Based on our findings, hypersialylation of proteins may be a key contributor that governs these behaviors.
The impact of glycosylation on membrane functions was evident upon transforming Caco-2 cells, which natively exhibit high levels of sialylation, into high mannose-rich cells using kifunensine. Paracellular permeability, known to be governed by tight junction proteins, was instantly impaired despite the extent of conversion. IAP showed a decline in activity after maximal high mannose conversion whereas DPP IV activity remained unaltered. As expected, glycan changes affect individual apical plasma membrane proteins differently. Two potential explanations are proposed: (i) abnormal protein glycosylation results in impaired transport to the cell surface and (ii) uniform conversion to high mannose glycosylation contribute to unsuitable protein conformations such that its functional properties are greatly reduced or lost. Loss-of-glycosylation studies have implied that a fundamental relationship exists between protein functions and proper glycosylation but often lack protein-specific information. Continuing efforts are concentrated on isolating intact glycoforms to selectively monitor individual glycoproteins and glycosites. Importantly, the consequences of glycan changes are not only observed in the cell itself but extracellularly, in the strength of bacterial interactions.
Our analysis provides details of glycomic changes induced by dietary and microbial compounds and shows that Caco-2 and HT-29 membrane glycosylation is a sensitive sensor of the cell's extracellular environment. The methods described here can be used for screening the effects of a variety of environmental changes. Cell models have limitations in that that they do not simulate the composition of the normal intestinal monolayer, which contains more than one cell type, and lack a fully formed mucus layer to separate the epithelial cell layer from the luminal content. Further progress is being made to determine whether intestinal glycosylation can be shaped by dietary supplements in vivo and whether such glycan changes contribute to gastrointestinal disturbances. Understanding the causes and effects of glycan changes has the potential to provide therapeutic strategies to strengthen barrier function by controlling local glycosylation.
Conclusion
Elements that affect the cell's intricate glycosylation pathway need to be further evaluated. The impact of cell growth conditions is dependent on a number of determinants, such as cell type, origin, species, etc. In the gut, environmental conditions can quickly vary with metabolite concentrations, pH and colonizing microbe communities. This study explores the types of environments that cause changes to the glycosylation patterns of intestinal epithelial cells. We demonstrate that unchecked dietary and bioenergetic supplements cause irregular glycosylation to occur, which indeed cause penalties to the functions and integrity of cells. These results facilitate the translation of analytical tools into physiological systems and progress toward the development of improved glycosylated products by programmed changes to relevant parameters during cell growth.
Materials and methods
Cell culture
Human colorectal adenocarcinoma Caco-2 cells, derived from a Caucasian male 72 years of age, were obtained from American Type Culture Collection (ATCC, VA) and grown in EMEM supplemented with nonessential amino acids, 2 mM L-glutamine, 10% (v/v) fetal bovine serum (Life Technologies, NY), 1 mM sodium pyruvate, 1.5 g/L sodium bicarbonate, 100 U/mL penicillin and 100 μg/mL streptomycin. Alternatively, Caco-2 cells were grown in DMEM supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin. Human colorectal adenocarcinoma HT-29 cells, derived from a Caucasian female 44 years of age, were obtained from ATCC and grown in McCoy's 5A medium supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells were subcultured at 80% confluency and maintained at 37˚C in a humidified incubator with 5% CO 2 . All treatments were added to the media after cell differentiation. Caco-2 cells were fully differentiated 14-days postconfluency. HT-29 cells were partially differentiated 4-days postconfluency. After 72 h, cells were collected in biological triplicates by scraping. A fixed count of 2 × 10 6 viable cells was used for each experiment. Passage number between experiments was controlled to no higher than P40 and a delta P of no more than 20. High passage cells were scraped after P80. Media was renewed three times a week unless specified.
Monolayer integrity and quality of cell borders were evaluated under the microscope routinely during growth and before harvest ( Figure S8) . Enterohaemorrhagic E. coli O157:H7 (EHEC) and methicillinresistant S. aureus (MRSA) were grown at 37˚C with continuous shaking for 14-16 h.
Permeability assay
Caco-2 cells were seeded on porous polycarbonate filter membranes (3401; Corning, NY) until cells formed a single monolayer and were fully differentiated. Kifunensine (Carbosynth, CA) was added postdifferentiation for 72 h. Four replicates were prepared for both control and kifunensine-treated cases. Permeability experiments were performed in Hank's Balanced Salt Solution, prepared with 25 mM HEPES, 0.35 g/L sodium bicarbonate, and adjusted to pH 7.4 with sodium hydroxide. The prepared membranes were washed and inserted into a new microwell plate. FITC-dextran (4 kDa) (SigmaAldrich, MO) was introduced to the upper (apical) chamber at 10 mg/mL. The plate was placed in a 37°C incubator devoid of CO 2 for 2 h on an orbital shaker at 100 rpm. The amount of FITCdextran that transferred through the cells was measured in the lower (basolateral) chamber by fluorescence at 492/520 nm (excitation/ emission) using a Perkin Elmer Victor3 Multilabel Plate Reader (Perkin Elmer, MA). The apparent permeability coefficient was determined according to the following equation:
where dQ/dt is the rate of permeation across cells, A is the surface area of the membrane and C 0 is the initial donor concentration. TEER values were measured using a Millicell ERS Voltohmmeter (EMD Millipore, MA) at room temperature.
Enzyme activity assay
IAP activity was measured in membrane-enriched fractions using a colorimetric assay per manufacturer's instructions (Abcam, MA). Cells were incubated with 50 μM p-nitrophenyl phosphate (p-NPP) for 60 min. Dephosphorylated was monitored by the production of p-nitrophenyl, which turns the solution to a visible yellow color. Absorbance readings were taken at 405 nm with a microplate photometer. Enzyme activities were determined with a standard curve generated using IAP enzyme. Activity was measured in U/mL, where a unit is defined as the amount of enzyme to hydrolyze 1 μmol of p-NPP per minute at 37°C. Dipeptidyl peptidase IV (DPP IV) activity was measured in membrane-enriched fractions using a colorimetric assay per manufacturer's instructions (Enzo Life sciences, NY). Membrane extracts from control and kifunensine-treated cells were incubated with a chromogenic substrate (H-Gly-Pro-pNa) at 25°C for 30 min. Cleavage of p-nitroaniline (pNA) was monitored by absorbance measurements at 405 nm with a microplate photometer. Enzyme activities were compared to a standard curve generated using a pNA standard. A reaction containing a DPP IV inhibitor (P32/98) was included as a control for enzymatic specificity.
Bacterial association assay
Caco-2 cells were seeded into 24-well plates at 5 × 10 5 cells per well. Wells were designated as control (Row 1) or treated with kifunensine (Row 2). For adhesion, the left half of the plate was infected with logarithmically growing enterohaemorrhagic E. coli O157:H7 (EHEC), and the right half of the plate was infected with methicillinresistant S. aureus (MRSA). Triplicate setups were prepared for each condition. After 2 h, the wells were washed 3X with PBS and the adherent cell counts were determined by serial dilutions and spotting of the lysate generated upon treatment of the wells with PBS/0.5% Triton for 5 min. CFU are expressed per mL as a comparison between the different treatments. For measuring uptake, the duplicate plate was similarly infected with EHEC and MRSA. Two hours postinfection, the unbound bacteria were washed with PBS (3X) and the Caco-2 cells were treated with media containing 100 μg/mL gentamicin to lyse cell surface associated bacteria. Following a 2 htreatment, the internalized bacterial cell counts were derived upon lysing the Caco-2 cells with PBS/0.5% Triton followed by serial dilution and CFU counts.
Cell membrane extraction
Extraction of the cell membrane compartment was performed as described previously with modified procedures Park et al. 2015) . In brief, harvested cells were resuspended in homogenization buffer containing 0.25 M sucrose, 20 mM HEPES-KOH (pH 7.4) and 1:100 protease inhibitor (EMD Millipore, CA). Cell lysis was performed on ice using a probe sonicator (Qsonica, CT) with five alternating and on and off pulses in 5 and 10 s intervals, respectively. Lysates were centrifuged at 2000 × g for 10 min to remove the nuclear fraction and cellular debris. The supernatant was collected and brought to 1 mL with homogenization buffer for ultracentrifugation at 200,000 × g for 45 min at 4°C. The pellet was resuspended and repelleted by ultracentrifugation in 0.2 M Na 2 CO 3 (pH 11) followed by water to fragment the endoplasmic reticulum and remove the cytoplasmic fraction, respectively. The resulting membrane fraction was isolated and stored at −20°C until further processing.
Enzymatic release and enrichment of N-glycans
Membrane pellets were resuspended with 100 μL of 100 mM ammonium bicarbonate in 5 mM dithiothreitol and heated for 10 s at 100°C to thermally denature the proteins. To cleave N-glycans from membrane proteins, 2 μL of peptide N-glycosidase F (New England Biolabs, MA) were added to the samples and incubated at 37°C in a microwave reactor (CEM Corporation, NC) for 10 min at 20 watts. After addition of 400 μL of chilled ethanol, samples were placed in −80°C for 1.5 h and centrifuged for 20 min at 21,130 × g to precipitate residual deglycosylated proteins. The supernatant containing the released N-glycans was collected and dried. N-Glycans were purified by solid phase extraction containing a PGC matrix. Eluted fractions were dried in vacuo.
Mass spectrometric analysis
Glycan samples were reconstituted in nanopure water for analysis using an Agilent nanoLC/ESI-QTOF-MS system (Agilent Technologies, CA). Samples were introduced into the MS with a microfluidic chip, which consists of enrichment and analytical columns packed with PGC and a nanoelectrospray tip. A binary gradient was applied to separate and elute glycans at a flow rate of 0.4 μL/min: (A) 3% (v/v) acetonitrile and 0.1% (v/v) formic acid in water and (B) 90% (v/v) acetonitrile in 1% (v/v) formic acid in water. MS spectra were acquired at 1.5 s per spectrum over a mass range of m/z 600-2000 in positive ionization mode. Mass inaccuracies were corrected with reference mass m/z 1221.991. Collision-induced dissociation (CID) was performed with nitrogen gas using a series of collision energies (V collision ) dependent on the m/z values of the N-glycans, based on the equation:
where the slope and offset were set at (1.8/100 Da) V and -2.4 V, respectively.
Data analysis
N-glycan compounds were identified with an in-house retrosynthetic library of all possible glycan compositions according to accurate mass (Kronewitter et al. 2009 ). Subtypes including high mannose, complex and hybrid were grouped accordingly by knowledge of the mammalian N-glycan biosynthetic pathway. Quantitative reproducibility and tandem MS confirmation of library matches were previously validated, enabling rapid and accurate assignment of glycan compounds (Hua et al. 2011; Ruhaak et al. 2012) . Signals above a signal-to-noise ratio of 5.0 were filtered and deconvoluted using MassHunter Qualitative Analysis B.06.01 (Agilent Technologies, CA). Deconvoluted masses were compared to theoretical masses using a mass tolerance of 20 ppm and a false discovery rate of 0.6%. Area under the peak was used to represent the data. Relative abundances were determined by integrating ion counts for observed glycan masses and normalizing to the summed ion counts of all glycans detected. Statistical evaluation of significant glycan abundance changes was performed using an unpaired, two-tailed Student's ttest. Structures that were not observed in two of three replicates were excluded in the analysis.
Supplementary data
Supplementary data is available at Glycobiology online.
